Abstract-A new parameters determination method for squirrel-cage induction motors is presented. As a main contribution, the method uses the instantaneous electrical power and the mechanical speed measured in a free acceleration test to estimate the double-cage model parameters. The parameters are estimated from the machine impedance calculated at several points. At speed points where the double-cage effect is significant, i.e., between the zero speed point and the maximum torque point, the machine impedance is evaluated by the instantaneous power method, and at speed points where the double-cage effect is not significant, i.e., between the maximum torque point and synchronism, the machine impedance is evaluated by a dynamic-model-based linear least-square method. The proposed method has been applied to obtain the parameters of three motors tested in the laboratory. To check the method accuracy, the steady-state torque and currentslip curves predicted by the estimated parameters are successfully compared with those measured in the laboratory.
Using the Instantaneous Power of a Free Acceleration Test for Squirrel-Cage Motor Parameters Estimation data are presented in [7] and [8] . The MATLAB/Simulink function "Power Asynchronous Machine Params" [9] is based on the aforementioned works.
Methods based on variable frequency tests can be divided into two types: 1) those using sources with tunable voltage; and 2) frequency [10] , [11] , and those using sources with PWM voltage waveforms [12] , [13] .
Finally, methods based on transient measurements can be classified into following four categories: 1) Kalman filter methods [14] [15] [16] ; 2) linear least-square (LLSQ) methods [17] [18] [19] [20] [21] ; 3) nonlinear least-square methods [22] [23] [24] [25] ; and 4) instantaneous rms methods [26] , [27] .
The extended Kalman filter allows optimal state estimation of nonlinear systems in the presence of noise. LLSQ methods manipulate electric machine differential equations to eliminate the nonmeasurable rotor magnitudes (rotor currents and fluxes). In nonlinear least square methods, an error function is calculated from measured and simulated currents. These techniques have a large computational burden because each error function evaluation requires a transient simulation. The minimization of this error function leads to different parameters estimation approaches. Other methodologies use instantaneous rms current measurements as steady-state values.
All of these methodologies are largely applied to the singlecage model parameters estimation [see Fig. 1(a) ]. Usually, this model can be adequate for some small squirrel-cage motors or for wound rotor motors, but a double-cage model [see Fig. 1(b) ] can be necessary to justify the experimental starting torque and current measurements in small, medium, and large motors [28] . Despite the double-cage model parameters estimation is a 0885-8969 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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sounded topic in the literature, the estimation methods based on transient measurements have been only applied in the past to the single-cage model. Only [29] mentions the double-cage model parameters estimation problem based on transient data, but does not provide a clear methodology to perform the estimation. The main objective of this paper is to present a clear novel methodology for the double-cage model parameters estimation using the instantaneous voltages, currents, and speed measured in a free acceleration test.
II. INDUCTION MOTOR MODEL

A. Steady-State Modeling
The circles in Fig. 2 represent the steady-state torque and current of two medium-sized ABB motors measured by the manufacturer (the catalogue data are summarized in Table I ). Table II contains the single-and double-cage model parameters estimated from these steady-state measurements [7] . The curves predicted by both models are also plotted in Fig. 2 . As expected, the double-cage model (solid line) exhibits a good agreement between measurements and predictions, whereas the single-cage model (dotted line) only provides accurate results between the maximum torque point and the synchronous speed. Fig. 2 clearly shows that both motors should be represented with a doublecage model [28] . The figure also contains with discontinuous lines the predicted curves with the proposed method in this paper: a double-cage model estimated from a free acceleration test. We will return to these curves in Section III-E.
B. Transient Modeling
The dynamic equations of the single-cage induction motor model in the synchronous reference frame are
where ℘ is the number of pole pairs, ω is the synchronous speed, ω m is the mechanical speed, and s is the slip. The self-and mutual inductances are calculated as 
The dynamic equations of the double-cage induction motor model in the synchronous reference frame are
where the self-and mutual inductances are calculated as
The relation between the aforementioned complex variables and the Park variables (dq components) is
The instantaneous stator currents and voltages can be transformed into the Park variables according to next relations
where θ is the Park's transformation angle: θ = ω · t. Fig. 3 shows the torque, direct and quadrature stator currents, and the mechanical speed obtained by simulation of a freeacceleration test at rated voltage on motors #1 and #2. All these data are labeled as "exact" in contrast to the "measured" or "estimated" data in Figs. 4-6. The motors have been simulated with the double-cage model parameters in Table II , and with the catalogue rotor inertia of Table I . The instantaneous dq stator currents and mechanical speed in Fig. 3 are the data used for the parameters estimation method proposed in this paper as will be shown in next sections.
III. PROPOSED METHOD
A. Description and Justification of the Proposed Method
The proposed estimation method estimates the steady-state machine impedance at specific slip points s k , i.e., estimates the values of Z meas (s k ) from the instantaneous data measured in a free-acceleration test, such as that in Fig. 3 . Subsequently, the parameters of the double-cage model are estimated from the previous estimated steady-state machine impedances. The selection of the impedances is justified with the transient event in Fig. 3 . The torque-time plot shows four data zones, which correspond to different electromagnetic events.
Zone #0 presents large oscillations due to the initial electromagnetic transient. Zone #1 is the acceleration zone, where the instantaneous rms currents at any slip are similar to those of the steady-state currents at such slip. This is also the zone where the double-cage effect is more evident, i.e., large torques at large slips. Zone #2 corresponds to the zone between the maximum torque point and the steady-state region point near synchronism. Finally, Zone #3 corresponds to the steady-state regime.
The instantaneous power method proposed in this paper evaluates the instantaneous active and reactive powers consumed by the motor from the measured voltages and currents as
Let us define the instantaneous machine impedance, which is determined from the instantaneous measured active and reactive powers of (7) as
The validity of the aforementioned instantaneous machine impedance is analyzed by estimation of the instantaneous torque as follows: Fig. 4(a) compares the estimated instantaneous torque from (9) with the exact dynamic torque. It can be observed that the estimated torque from (9) is a good indicator of the dynamic torque in zones #1, #2, and #3, (where the instantaneous torque oscillations have vanished), while it can only predict the average instantaneous torque in Zone #0 because it is based on the averaged values in (7) .
However, as the estimation method proposed in this paper is based on the steady-state impedance, it is not clear if the instantaneous impedance in (8) matches up with the steady-state impedance or not. In other words, if the instantaneous torque in (9) matches up with the steady-state torque. This comparison is made in Fig. 4(b) , where it can be observed the great similitude between both torques inside zones #0 and #1, despite small oscillations near zero speed. These small torque oscillations can be reduced if the active and reactive instantaneous power are previously smoothed [21] , as shown in Fig. 4(c) . On the contrary, the instantaneous and the steady-state torque do not fit inside zones #2 and #3, as the maximum steady-state torque is greater than the maximum instantaneous torque (this phenomenon is always produced, as pointed out in [4] ). As a consequence, the smoothed estimated torque from (9) is a good indicator of the steady-state torque only in zones #0 and #1, and therefore, the smoothed instantaneous impedance from (8) can be a good approximation for the steady-state machine impedance in zones #0 and #1, where the double-cage effect is apparent.
A different method is required to estimate the (steady-state) machine impedance in zones #2 and #3, as the smoothed instantaneous impedance from (8) seems to be a bad indicator for such impedance. The results in Fig. 2 provide the solution: the torque predicted by the single-and double-cage models in zones #2 and #3 are very similar and exhibit a good agreement with that measured. Thus, the parameters of the single-cage model in zones #2 and #3 are calculated with the dynamic-model-based LLSQ method in [21] , and subsequently the machine impedance at specific slip points is evaluated from the estimated single-cage model.
In summary, the estimation procedure is composed by the following three steps. The first step (see Section III-B) uses the data in zones #0 and #1 to evaluate the machine impedances at specific slip points. The method used in this step is called the instantaneous power method. The second step (see Section III-C) uses the data in zones #2 and #3 to fit the parameters of a singlecage model by using the dynamic-model-based LLSQ algorithm in [21] . The machine impedance at specific slip points is evaluated from the estimated single-cage model parameters. In the Motor #1 Motor #2 Motor #1 Motor #2 third step (see Section III-D), the parameters of a double-cage model valid for all the slip range (from s = 0 to s = 1) are fit to the machine impedances calculated in the previous steps.
B. Step 1: Estimation of the Machine Impedance in Zones #0 and #1 by the Instantaneous Power Method
The machine impedance at specific slip points s k = s(t k ) is determined from the measured active and reactive power of (7) as
It is worth noting that measured active and reactive power must be smoothed before being used in the aforementioned expression. 
C. Step 2: Estimation of the Machine Impedance in Zones #2 and #3 by the Dynamic-Model-Based LLSQ Method in [21]
The main limitation in squirrel-cage induction motor parameters determination is the fact that the rotor currents are nonmeasurable. The single-cage model allows equations to be rewritten without using the rotor magnitudes [17] [18] [19] [20] [21] . It is worth noting that no similar deduction for the double-cage model has been found in the literature. For this reason, the double-cage model machine impedance is measured in the previous section in an indirect way by means of the instantaneous power method.
Kojooyan-Jafari [21] used an approximation of the rotor flux to improve the estimation procedure accuracy. This approach is used in this paper and repeated here for clarity.
The elimination of the nonmeasurable rotor currents in (1) leads to the following set of linear equations:
where
Use of n data points leads to the following overdetermined linear system: a n d2 a n d3 a n d4 a n d5 a n d6 a n q1 a n q2 a n q3 a n q4 a n q5 a n q6
which can be rewritten as
This overdetermined linear system is solved by the leastsquare regression method
where the estimated parameters are
The electrical parameters are calculated from the aforementioned parameters by considering the restriction
The machine impedance at specific slip points s k in the range between the maximum torque point and the synchronous speed are determined by using the single-cage model estimated parameters (R s , R r , X sd , X rd , X m ) as
D. Step 3: Double-Cage Model Parameters Determination
Two sets of machine impedances at different slips are estimated.
In this third step, the two sets of evaluated impedances in steps 1 and 2 are used to estimate the double-cage model parameters. This model has six unknown parameters, R s , R r 1 , R r 2 , X sd , X 1d , X 2d , X m , as it has been assumed that X sd = X 2d [6] . The impedance at the slip point s k is
The parameters are estimated by solving the minimization problem
where N is the number of points, w k is the weight given to any point (all weights in this paper are given to unity), and the error functions are defined as
The MATLAB routine lsqnonlin [30] is used in this paper to solve (22) . Table III contains the parameters estimated using the freeacceleration test of motors #1 and #2. Fig. 2 shows the torqueand current-slip curves predicted with these parameters (discontinuous line). It can be observed that the results predicted by the proposed method exhibit a good agreement with the experimental measurements.
E. Estimation Results Analysis
Fig . 5 compares the "exact" resistance and reactance values calculated with the double-cage model in Table II with those predicted in the step 1 (circles), in the step 2 (triangles) and by the double-cage model parameters of Table III. IV. EXPERIMENTAL VALIDATION To validate the proposed method, motors #3, #4, and #5 in Table I were tested in the laboratory at a reduced voltage in order to avoid leakage reactance saturation during the steadystate and transient tests. The voltage used in all the tests was 0.52U N for motor #1, 0.24U N for motor #2 and 0.28U N for motor #3. These reduced voltages draw the rated current at zero speed. Fig. 6 shows the free acceleration test (at reduced voltage) of the three motors, whose measured data are used to calculate the double-cage model parameters in Table III . Fig. 7 shows with circles the steady-state torque-and currentslip curves at rated voltage. Despite these measurements were taken at the mentioned reduced voltages, they have been subsequently prorated to rated values for comparison purposes
where U N is the nominal value [31] . Fig. 7 also shows the estimated torque-and current-slip curves calculated with the parameters in Table III (solid lines) . As can be seen, the agreement between the predicted and measured torque and current curves in the three motors is excellent.
V. CONCLUSION
This paper presents a new parameter estimation method for the double-cage model of squirrel-cage induction machines, which uses the instantaneous stator voltages, currents and the mechanical speed in a free acceleration test. First, the first set of machine impedances is calculated by the instantaneous power Table III ).
method, using the data in the range between the maximum torque point and the zero speed point (zones #0 and #1). The second set of machine impedances is obtained from a single-cage dynamic model based on an LLSQ method, estimated with the data in the range between the maximum torque point and the steady-state speed point (zones #2 and #3). Finally, the parameters of the double-cage model are fit to the estimated values of the machine impedances by a least-square algorithm.
The method was tested in the laboratory with three motors. The steady-state torque-and current-slip curves predicted with the estimated parameters and those measured in the laboratory show an excellent agreement.
